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Abstract 
This work studied the production of aerosol-phase organic nitrates in both Portland and 
the Columbia River Gorge (CRG). Ozone and NOx species were investigated for 
correlation with organic nitrate aerosol, as they function as precursors to the production 
of organic nitrates. These ambient gas-phase measurements were collected in the same 
locations as high-volume (Hi-Vol)  filters samples, in an urban and rural gorge setting to 
investigate correlations at the origin of the pollution plume and downwind.  A novel 
Soxhlet extraction method for Hi-Vol filters was developed based on literature and EPA 
standard methods. Analysis for nitrate production was done by segregating data based 
on times when the wind blew out of Portland and down the CRG versus times when flow 
was not westerly. Filters were then compared to ambient gas-phase measurements and 
derived NO3 radical production rates to look for trends. Wind direction had a strong 
influence on the concentrations of precursor molecules in the CRG.  On days with a 
westerly wind direction into the gorge, concentrations of the measure aerosol organic 
nitrates were similar at both sides. This suggests some contribution of a broader 
regional production of organic nitrates. There was some correlation between the 
production rate of NO3 radicals and the measured organic nitrate aerosol, suggesting a 
role for NO3 + VOC production of organic nitrates that later partition to the aerosol 
phase. This information will better illuminate the fate of nitrogen downwind of pollution 
sources. The information will also help to create a better understanding of the way 
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topography and meteorological conditions can influence the flow of pollution. 
Understanding the downwind oxidative chemistry that happens in the CRG would better 
support both pollution prevention and mitigation efforts.  
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Introduction 
Air pollution plays an important role in our interaction with the natural 
ecosystem. Understanding how air pollution affects the air we breathe can facilitate 
better pollution controls and reductions. Early air quality studies looked at the 
formation of tropospheric organic species in the gas phase and identified several organic 
molecules like alkenes and hydrocarbons as an area of concern (Atkinson 1990).  
Transportation plays a large role in our ability to grow as a society, but  it is also 
a significant source of air pollution (Colvile 2001). Nitrogen deposition has increased 
over the western United States since 1985 due to increases in urbanization, increased 
transportation, and increases in the number of confined animal feeding operations 
(Fenn 2003). Pollutants like nitrogen oxides (NOx) have a significant deposition effect 
and can be an important precursor molecule for other secondary air pollutants (Gruber 
2008). A secondary pollutant refers to the fact that it is created in the air as a product of 
an atmospheric reaction from primary pollutants, often times from transportation 
process.  An aerosol is a particulate that is suspended in gas. 
Many governing bodies like the United States Environmental Protection Agency 
have highlighted the importance of regulating air pollution in an effort to reduce the 
impact that air pollution has on the environment  (Cooper 2000).  The importance of 
regulation can be seen in the example of the 2008 Olympic Games in Beijing China, 
where transportation control measures greatly reduced pollution emissions into the air, 
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and at the same time reduced human exposure (Zhou 2010). Understanding air 
pollution plays a large role in prevention. Many exposure studies have shown a strong 
link between high concentrations of particulate matter and volatile organic carbons and 
high incidence rates asthma and death.  (Weisel 2002).  
Previous studies have characterized sources of pollution in the Gorge (Green 
2007), and also the effect that pollution has on visibility (Green 2008). Recent studies 
have focused on carbon dioxde (CO2) (Rice 2011) or on ozone (Os)  distribution in 
western Washington (Cooper 2000). Other studies using lichen as indicators of pollution 
have found higher levels of nitrogen near the western end of the Columbia River Gorge 
(CRG) (Fenn 2007). However, these studies have not shown specific instances of the CRG 
acting as a flow tube, nor have they investigated the atmospheric chemistry in the 
plume as it ages.  
This study looks at the effect of air pollution from the Portland Metropolitan 
area on nearby National Scenic Area, the CRG.  Understanding how transportation 
related pollutants and their secondary products are meteorologically transported will 
help to create better regulations to protect a national area. This study will specifically 
look at the summer urban outflow, and on the atmospheric chemistry that is taking 
place during transport.  This study will consider specific days in the summers of 2010 
and 2011 and determine if flow tube behavior can be observed in the CRG and the 
effect that the pollution outflow has on production of aerosol organic nitrates.  
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Nitrogen Oxides 
Nitrogen has several very important roles in the global ecosystem,  including a 
large role in controlling primary production in the biosphere and is a limiting factor for 
plants grown for food by humans (Gruber 2008; Zhou 2010). It has been hypothesized 
that since the 1990’s, more than 160 teragrams of Nitrogen have been added to the 
atmosphere by anthropogenic sources like fossil fuel combustion or food production 
(Gruber 2008). With the expansion of the global population, it can be expected that 
even more nitrogen will be added to the environment as more people drive cars, and 
food production is increased. This increased nitrogen comes in the form of many 
pollutants and poses a global problem for air, water, and soil quality. 
Air pollution has been recognized as a significant problem throughout history as 
evidenced by writings from famous philosophers like Moses Maimonides from the 11th 
century to King Edward I, who passed a law banning coal burning while parliament was 
in session (Gaffney 2009). Recent history air pollution problems like the killer smogs in 
Pennsylvania and England in the 1940’s and 1950’s lead to a change in the way that air 
pollution was managed. In 1970 in the United States, the passing of the Clean Air Act 
amendments provided a set of regulations to control air emissions from area, 
stationary, and mobile sources and established the National Ambient Air Quality Act 
(Vallero 2008). This legislative act founded the groundwork for improving air quality and 
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livability for communities across the nation. One of the primary pollutants that the EPA 
set out to regulate were nitrogen oxides, or NOx.  
NOx refers to nitrogen oxides and is sum of NO2 and NO. These reactive nitrogen 
compounds are found in the products of fossil fuel combustion (Colvile 2001; Charron 
2003). In the atmosphere at ambient temperatures, nitrogen and oxygen do not react 
with each other, however at high temperatures, like found during combustion; they 
react to form nitrogen dioxide and nitric oxide. A total of 18,017,423 tons of NOx  were 
released in 2005 according to the EPA. When looking at the anthropogenic sources of 
NOx, 21% of the emissions or 3, 783,659 tons are generated by power plants for 
electricity generation.  36% or 6,491,821 tons of emissions were generated by on road 
vehicles in 2008 (Agency 2010). Nitrogen oxides are also formed naturally by lightning 
and soil emissions.  
During the daytime, the concentrations of NO and NO2 are controlled by 
combustion with their ratio determined by O3 . The chemistry is controlled by the 
following basic reactions:  
NO + O3 NO2 
NO2+hvNO + O. 
This reaction influences the production of ozone through: 
O+O2+MO3+M 
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 As more O is formed, this creates more O3.  
NOx has a wide variety of impacts on the atmosphere. These impacts pose 
serious health and environmental hazards. For example, nitrogen oxide compounds play 
a significant role in ozone production, secondary organic aerosol formation, and the 
formation of NO3. In the presence of VOC’s and sunlight, NOx participates in the creation 
of photochemical smog. O3 and particulate matter are also components of smog and 
have serious health consequences (Migliore 2009). NOx is also eventually broken down 
in the atmosphere to create HNO3 by the following pathway:  
2NO2 + H2O → HNO2 + HNO3 
3HNO2 → HNO3 + 2NO + H2O. 
This creates acid rain, which has a significant effect on biological systems.  
Peroxyacyl nitrates, or PAN’s, are related nitrogen oxides as a product of the 
breakdown of hydrocarbons and NO2. PAN’s are created in photochemical smog as 
Ozone breaks down the VOC’s, which then react with NO2 to create a new compound 
which is a powerful eye irritant. PAN’s are a compound with an R-group from a VOC 
attached to the terminal carbon of a carbonyl bond reacted with a NO2 molecule. This 
type of nitrogen oxide is important chemically for the environment because it dissolves 
more easily in water than in ozone, so it will break down slowly in the atmosphere 
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allowing it to be more easily transported further away where it can be broken down and 
the NO2 molecule can be used again in the formation of ozone. 
Ozone 
A significant reason that nitrogen oxides are regulated is due to the creation of 
ozone that results from NOx reacting in the atmosphere.  During the day, ozone is 
formed in the troposphere. Peroxy radicals react with NO to form NO2. NO2 then reacts 
in the presence of sunlight to form NO. This frees an oxygen to react with molecular 
oxygen in the atmosphere to form ozone, or O3.  Troposphere ozone has a significant 
effect on human health and plant productivity (Leisner 2012).  Known as a secondary air 
pollutant due to its formation from primary pollutants, it can be present in high 
concentrations a  significant distance from industrial and metropolitan regions due to 
the way it is formed (Berman 2012).  Ozone reduces plant productivity by forming a 
reactive oxygen species in the plant and decreasing photosynthesis which in turn 
reduces plant growth and biomass accumulation (Anisworth 2012).  Ozone in the 
troposphere decreases both forest productivity and crop yields which have a significant 
effect on local and global economies (Leisner 2012).  
It has been established that ozone causes health effects for the human 
respiratory system, specifically as the ozone is highly reactive with tissues. Exposure to 
elevated concentrations of ozone can lead to increased hospital admissions for 
pneumonia, asthma, and other respiratory disease (Ebi 2008). In China, higher mortality 
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rates are closely correlated with increases in Ozone concentration (Tao 2012). Ozone 
concentrations can also have a deleterious effect on indoor air quality, where it can 
have the same health effects as Ozone concentrations outside (Chen 2012).Chemically, 
Ozone also can cause serious health effects by the breakdown of VOC’s in the 
atmosphere. Ozone is also a greenhouse gas that absorbs infrared (IR) energy which 
effects the heating and cooling of the planet. There are concerns that with the projected 
climate change, this would lead to increased levels of ozone and in turn increased 
human health impacts, specifically as a pulmonary irritant (Ebi 2008). Ozone is 
estimated to cause the deaths of 700,000 people and cause global economics losses of 
$14 to $26 billion dollars (Anisworth 2012).   
As part of the Clean Air Act, the United States Environmental protection Agency 
(EPA) is required to set a standard for ozone that protects public health and welfare 
(Buller-McDonald 2011).  Understanding the background levels of zone for health 
hazard quantification and rule-making has proven a significant challenge due to the way 
that ozone can be formed at a significant distance from its source. Current increases in 
ozone concentrations pose significant future risk for both human and plant health 
(Buller-McDonald 2011; Leisner 2012). In Oregon, all sites were within the current 
National Ambient Air Quality Standards (NAAQS), however if these limits are lowered 
due to reconfiguration of the Act, then cities like Portland, Meford, Eugene, and Salem 
will go out of attainment (Barnack 2011).  
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NOx Chemistry Effects 
There are many other ways that NOx effects atmospheric chemistry. Studies 
generally refer to three groups, NOx, NOy, and NOz. NOz refers to nitrogen species that 
formed of organic nitrates (peroxyacylnitates, alkyl nirates), and inorganic nitrates 
(nitrate, dinitrogenpentoxide, peroxynitic acid). The entire species grouping of both NOx 
and NOz are referred to as NOy. There are multiple research groups that are looking into 
how these compounds effect the environment and the specific chemistry of formation 
and extinction (A.W. Rollins 2009; Fry 2009; Jones 2010; Tang 2010; Wang 2010). For 
examples, the Trang group is looking at how NO3 and N2O5 interact on rate formations 
of aerosols, while the Fry and Rollins’ groups look at the chemistry of the uptake by 
nitrate radicals and how the affects SOA production (Rollins 2009; Trang 2010). A group 
from Denmark is looking at how particle amount and composition are affected by NOx 
chemistry, while a group from the UK lead by Jones, looks at how particulate matter is 
affected by wind and the chemistry of NOx (Jones 2010). Much information remains to 
be discovered from these inquiries.  
NOx and its secondary pollutants are serious problems to both human health and 
the environment. Studies have shown that short term exposure, termed are a period 
from 30 minutes to 24 hours, can cause airway inflammation in healthy individuals and 
increased respiratory symptoms in people with asthma(Agency 2008). NOx also 
influences the formation of PM and Ozone which also have adverse health effects. For 
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example, PM is associated with aggravation of asthma, chronic bronchitis, and 
decreased lung function(Vallero 2008). Ozone has also been found to be a serious 
irritant to the respiratory system and found to have greater effects in fragile populations 
like the elderly and children (Agency 2010). Global estimates of long-term PM2.5 have 
shown that an estimated 89% of people in the world live in areas that exceed the World 
Health Organizations air quality guidelines of 10µg/m3 PM2.5 leading to a significant 
global burden for disease related to air pollution (Brauer Michael 2012).  
A significant amount of research has been done, and is being done on the health 
effects of NOx, and more specifically NO2. For Example, Ute Latza, did a review of the 
epidemiological studies and experiments done on humans using NO2 as the criteria 
pollutant. They found moderate evidence that there was a link between short term 
exposure of 24 hours at a concentration of 50ug NO2/m3, with increased hospital 
emissions and mortality(latza 2009). They also found that there was a moderate link for 
susceptible populations including children, adolescents, elderly, and asthmatics for 
being more susceptible to increased NO2 concentrations even at concentrations below 
current exposure limits. These results clearly illustrate that NO2 emissions, and thereby 
NOx emissions, pose serious health risks for humans even at concentrations below the 
NAAQS.  
Nitrogen oxides and their products also have a considerable impact on the 
environment and biological systems. Atmospheric deposition is an important pathway 
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for the input of nitrogen species into watersheds and water bodies. However, with the 
additional nitrogen from NOx pollution, this can lead to acidification of soils and water 
from the formation of nitric acid. Also the leaching of nitrogen into surface and ground 
waters, can cause eutophication and degradation in water quality(Gruber 2008). This is 
besides the effects from Photochemical Smog and Ozone production that cause damage 
to the leaves of trees and plants, and may inhibit plant uptake of important nutrients 
(Agency 2010).  
Secondary pollutants produced by NOx can cause significant expensive health 
problems that result in additional expense and loss of productivity. Further, the nitrogen 
oxides can also cause a variety of ecosystem pollution the effects of which are expensive 
to mitigate. These and other economic aspects of nitrogen oxide related pollutants 
contribute to an important effect on the global economy. For example, Joshua Linn, an 
economist looked at the cap and trade program in the US called the Nitrogen Oxides 
Budget Trading Program (Linn 2010).  In many areas, the cost of electricity is purchased 
on a wholesale market, which affects not only the price for the energy but also how the 
costs are spread out to either the producers or consumers. Economists looked at the 
change in stock prices, and compared that with information with the profit margins of 
different energy production companies and found that energy producers that rely less 
on coal, bear less of a financial burden from the program and thus make more profit 
than companies that rely on coal (Linn 2010).  This then pushes the more profitable 
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producers to make more of the cheaper energy. This can have interesting consequences 
for pollution mitigation in that in some case we trade one type of NOx pollution to 
another kind of pollution for which less may be known about its atmospheric fates.  
Power plants emit large amounts of both nitrogen oxides and sulfur dioxide from 
(Hewitt 2001). As a large source of specifically NOx pollution, the effects of legislation 
and environmentalist pressure are being studied to see what changes cause the biggest 
differences and the greatest gain for the environment. Due to the restrictions by the 
Clean Air Act and local governments, many power plants now face caps on the amount 
of SOx and NOx they are allowed to emit. A study done in Alabama looked at the effect 
that emission reductions would have on the Escambia Bay and it’s watershed 
(Vijayaraghavan 2010). The authors of that study found that there was a correlation 
between SOx and NOx emissions. The chemical pathways of NOx and SOx however are 
closely interrelated. Lowing both NOx and SOx emissions at the same time results in 
increased nitrogen deposition from an increase in the ammonia component from the 
influence of sulfate emissions. There is a 6% dis-benefit in Nitrogen deposition from the 
SOx reductions. These two chemical pathways work together and are related. It also 
paints a better picture that the impact of reduction from one pollutant can have on the 
other.  
Current emission rates show that NOx emissions may be going down in 
developed countries, but that emerging or undeveloped counties, NOx emissions are 
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rising due to an increase in car ownership (Colvile 2001). Recent studies using GOME 
and SCIAMACHY satellite scans using over the years 1996-2004, found that there was an 
increase in nitrogen dioxide of about fifty percent over industrial China, which was more 
than ground inventories had found (Richter 2005). That study also saw a decrease in 
nitrogen dioxide over parts of the European Union and the United States. Another study 
done in 2009 used a literature survey along with an emission inventory to show that 
primary NO2 emissions have increased along roadways in some part of the European 
Union (Grice 2009). The group predicted that this is due in some part to a change in the 
type of vehicle that is being used by commercial fleets in the EU. They believe that the 
compositions of fleets are changing from petrol fuelled vehicles with low NO2 emissions 
to diesel fuelled vehicles with four times higher emissions and that after market filters 
oxidize a portion of the NO to NO2 also raising the concentration.  
A study done during the 2008 Olympic Games however, offers a bright picture of 
the impact that legislation can have on transportation related emissions. During the 
Olympic Games, China was tasked with reducing it air pollution. They instead 
implemented strict pollution reduction measures before and during the games that 
significantly by about 50% reduced PM and NOx emissions (Zhou 2010). Many countries 
have recently re cognized the importance that controlling NOx emissions by 
implementation legislation that reflect that priority. 
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On January 22, 2010, The US EPA created a permissible 1-hour NO2 standard at 
100 ppb (Agency 2010). There was no change to the secondary annual standard of 
53ppb. Primary standards reflect the need to protect human health, while secondary 
standards are set to protect public welfare and take into consideration such factors as 
crop damage, architectural damage, damage to ecosystems, and visibility in scenic areas 
(Agency 2010). There are also new monitoring and reporting requirements.  At least one 
monitor will be located near a major road in any urban area with more than 500,000 
people. A second monitor is required when the city population is greater than 2.5 
million or has a road segment with an average daily traffic count of more than 250,000 
cars. Also a minimum of one monitor must be in any urban area with a population 
greater than or equal to one million to asses community wide concentrations. All new 
NO2 monitors for the program must also be operating by January 1, 2013. These new 
regulations will help to create a nationwide picture of NO2 levels, and better elucidate 
the exposure that people are receiving in their cities. 
Organic Nitrates and the Formation of the Nitrate Radical 
The nitrate radical is another important product of NOx chemistry. NO3 is an 
important nighttime radical that is generated by the oxidation of NO2 by O3 by the 
following reaction: 
NO2+O3NO3+O2 
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The rate of production of the nitrate radical can be calculated using the following 
equation, where k is equal to  
 
During the day, the NO3 experiences rapid photolysis which prevents significant 
concentrations (Tang 2010). During the night however, appreciable NO3 concentrations 
can be formed (Perraud 2010).The formation of organic nitrate from the nitrate radical 
during the night time hours represents an important source of organic nitrate aersols. 
Organic nitrates are the product of NO3 and alkenes and also between organic peroxy 
radicals and NO (Rollins 2010). NO3 plays a significant role in the nocturnal oxidation of 
some organic race gases including alkenes and dimethylsulphide, and has an impact on 
the partitioning of NO and NO2 and NOy (Tang 2010). The reaction of the nitrate radical 
to form organic aerosols is important because organic nitrates can undergo long-range 
transport and move the NOx pollution significant distances from where it was created 
(Perraud 2010). Organic nitrates exist in both the aerosol and particle phases depending 
on volatility. Organic nitrates have also been shown to make up 10-20% of carbon based 
aerosol mass in urban areas (Day 2010). This is a significant fraction and can have a large 
impact on measured organic masses of filter samples.  
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NO3 and N2O5 have concentrations that are very closely linked and difficult to 
separate due to the chemistry of the compounds as evidenced by the following reaction 
pair: 
 N2O5 + MNO3+ NO2+M  
NO3+ NO2 N2O5 + M. 
Both N2O5 and NO3 are used as radicals in the formation of aerosol nitrate and 
Secondary Organic Aerosols (SOA). A study by Tang in 2010, found that ambient urban 
aerosols showed a limited uptake capacity for N2O5, but were reactive towards NO3 
(Tang 2010). The study was trying to elucidate the uptake coefficient for mineral dust 
with NO3, and found that this did not contribute significantly to nitrate loss in the 
atmosphere or nitrification of mineral dust. This study shows that the reactive fate for 
nitrate is still poorly understood. 
Secondary organic aerosol refers to the aerosols formed from the breakdown of 
VOC’s by an oxidant with subsequent partitioning to the condensed phase.  (Aiken 
2008). Aerosols can have a significant effect on human health, visibility and pollution 
dispersion (Vallero 2008). SOA can account for a significant portion of the troposphere 
aerosol however the chemical process for formation are poorly understood (Hallquist 
2009). Organic material is a large amount of the particulate matter found in the 
atmosphere and affects the scattering of light and cloud composition. The total of 
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secondary organic aerosols can have a very large impact on the environment and is of 
special concern due to its relationship with NOx. Nitrate is postulated to be an important 
oxidant for the nighttime breakdown of VOC’s into secondary organic aerosols (Fry 
2009). Recent research into the chemical reaction of nitrate has studied its effect on 
SOA formation and found large yields (Fry 2009). NOx chemistry could however provide 
a large source of oxidants to be used in SOA formation.  
FTIR Spectroscopy 
 Due to the complexity of the atmosphere, many techniques are employed for 
analysis of atmospheric composition.  Analysis  in the past has included gas 
chromatography-mass spectrometry (GC/MS), however GC/MS can only quantify 10-
50% of the organic mass in aerosols and needs a large sample mass and complicated 
derivatization procedures (Coury 2008). Fourier transform infrared spectroscopy (FTIR) 
is an excellent approach for analyzing atmospheric particles as it is non-destructive, can 
provide high sensitivity, and is precise (Zhao 2010). Early studies with FTIR showed a 
great improvement of functional analysis over GC/MS (Allen 1994). FTIR can also be  
used as a way to select for specific organic functional groups like organic nitrates (Day 
2010). The technique of FTIR represents a way to have quantitative measurements of 
specific functional organic groups that is only limited by the sampling size of the filters 
themselves(Rollins 2010).  
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FTIR has become an analytical technique that can measure organic compounds 
and identify functional groups (Coury 2008). The use of FTIR has also developed into a 
way to discover specific VOC reaction pathways and provide a constraint on the 
products that can form under atmospheric conditions(Russell 2011). FTIR using 
attenuated total reflection (ATR-FTIR) is one of the three most commonly used FTIR 
techniques (Zhao 2010).  In ATR-FTIR, particles, either dry or in solution, are deposited 
on a horizontal crystal, in this case a diamond ATR crystal, for analysis. The signal from 
the infrared rays is reflected in the ATR crystal where it can penetrate into the sample 
with an effective path length of at least a few micrometers and then reflected back 
towards a detector (Zhao 2010). FTIR analysis of organo-nitrate peaks allows for the 
specific quantization at three peaks, 1630 cm-1,  1280 cm-1, and 860 cm-1 (Day 2010). 
FTIR has been used by many groups to show organic functional group characterization 
(Polidori 2008; Coury 2009; Day 2010; Zhao 2010; Russell 2011).   
Columbia River Gorge 
The Columbia River Gorge (CRG) acts a matchless environment to conduct 
laboratory aerosol composition experiments in a flow tube like environment. The CRG is 
situated with large sources of primary pollutants at either end. To the west of the CRG is 
the large metropolitan region of Portland Oregon, and Vancouver Washington. 
According to the 2010 census, this region contains the largest city in the state of Oregon 
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and the fourth largest city in the state of Washington. The total population of the 
metropolitan area is more than 1 million people.  
It is well understood that metropolitan regions result in high concentrations of 
greenhouse gasses and the Portland region is no different with emissions inventories of 
8.5 million metric tons of CO2 equivalent (Rice 2011). Metropolitan areas are also 
significant sources of NOx from fossil fuel burning, which leads to a production of ozone.  
A study done by the Rice group found that measured concentrations of CO2 were lower 
upwind of Portland in the summer and showed the effect that traffic pollution had on 
concentrations (Rice 2011).   
Previous reviews of research (Gaffney, 2009) have shown that combustion 
related emissions have a significant impact on aerosol formation and climate and have 
also shown the broad impact that the transportation sector has on human health and air 
pollution (Colvile, 2001). This illustrates the importance of understanding the fate of 
these primary pollutants. To the east of the CRG, the Boardman power plant, a large 
Concentrated Animal Feeding Operation(CAFO), and several agricultural farms and 
nurseries supply the gorge with several sources of primary pollutants (Green 2001). 
Power plants are a significant source of NO2 and SO2 pollution (Vijayaraghavan 2010), 
while CAFO’s and agricultural activities are a significant source of ammonia and VOC’s 
(Fenn 2010). These pollutants play a significant role in aerosol chemistry and secondary 
organic aerosol production. 
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Due to the east-west orientation of the gorge and typical regional airflow 
patterns, winds blow through the gorge in opposite directions during summer and 
winter seasons (Sharp 2004). So, during the summer time, winds blow through Portland 
and down the gorge to the east (Green 2008). During the winter time, the winds blow 
from the Boardman power plant, past a CAFO through the gorge to Portland.  These 
pollutants entrained in these flows tend to include NOx from the city or power plant,NH3 
from the animal feed lot and VOC’s from anthropogenic sources and tree emissions in 
the gorge.   
The Columbia River Gorge as a Flow Tube 
NOx represents a significant amount of air pollution transported into the CRG. 
The emissions comes from a variety of sources, with the primary anthropogenic sources 
being from transportation related process and energy production. These NOx 
compounds cause severe health and ecosystems effects. Understanding how NOx 
compounds are formed, what the sources are, their effects and current regulations, 
paints a reveling picture of a current air quality issue with a significant impact on the 
human life. 
Research that was done as part of the Causes of Haze in the Columbia River 
Gorge (COHAGO,Green, 2008) estimated that as western winds travelled down then 
gorge, they brought with them a “pulse of hazy air” from the metropolitan area. In the 
COHCRG Report, measurements of light scattering at eight sites showed that when using 
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a cluster analysis of common wind patterns, they could characterize some of the main 
wind patterns seen in the gorge (Green 2007). In these statistical clusters, a plume of 
particles that scatter light is seen to peak at time intervals that travel down the gorge 
from Portland. Other research done by the Jaffe group using 14 years of IMPROVE data 
found that PM2.5 on easterly wind days was closely correlated with the operation of the 
coal-fired power plant at Boardman (Jaffe 2009). This suggests that when the wind is 
flowing east to west, pollution is being transported down the CRG.  
Objective 
The effects of transportation air pollutants emanating from the Portland 
Metropolitan area on air quality in the Columbia River Gorge are poorly understood. 
This study aims to characterize these concentration effects on organic nitrate 
production. This information will shed light on the fate of nitrogen downwind of 
Portland. Using the technique of FTIR to characterize the organic nitrate functional 
groups and then draw correlations between the FTIR data and the ambient gases, will 
help to illuminate the chemical reactions that may be happening as pollution is 
transported down the gorge. This also allows for connections to be drawn between 
meteorological conditions and concentrations of pollutants. Understanding the nitrogen 
chemistry that happens in the CRG will support both pollution prevention and mitigation 
efforts. 
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Methods 
Overall Approach 
The study incorporates a field study and analytical and statistical analysis. NO, 
NO2, O3, and meteorological data were collected over two 15-week periods, in the 
summer of 2010 and the summer of 2011 (see Table 1). Field particulate samples were 
collected on glass fiber filters through a High-Volume particle sampler, solvent 
extracted, and analyzed using FTIR. The gas-phase ambient data, along with the 
collection and extraction of the high-vol filters, offer a descriptive picture of the ambient 
air in the Portland area.   
Table 1 Dates for the summer of 2010 and 2011 sampling periods 
Sites Dates
DEQSEL* 6/24/10-10/14/10
Reed College Summer 2010
Mt. Zion 6/24/10-10/3/10
DEQSPR* 6/1/2010-9/30/2010
DEQSEL* 7/19/11-10/30-11
Reed College Summer 2011
Mt. Zion 7/21/11-10/28/11
DEQSPR* 6/1/2011-9/30/2011
Beacon Rock 6/29/11-11/30/11**  
*Maintained by the ODEQ 
**Some gaps due to power loss and instrument error 
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Sample Sites 
Table 2 Specific Site locations, including latitude and longitude. 
Sites Latitude Longitude Nearest City Site Description
DEQSEL, SE Lafayette 45.49660 -122.602900 Portland, OR Urban
Reed College 45.48123 -122.626921 Portland, OR Urban
Mt. Zion 45.56924 -122.210381 Washougal, WA Rural
DEQSPR, Carus 45.25930 -122.588000 Canby, OR Rural
Beacon Rock 45.61926 -122.026998 Stevenson, WA Rural  
There were two sampling sites in the summer of 2010 at Reed College and Mt. 
Zion. The Reed College sampling site is located in the middle of a suburban residential 
area near a riparian area. The Mt. Zion site is located east of Portland Oregon in the 
gorge, in a large field near the Washington Highway SR-14. The selection of these sites 
allowed for both simultaneous comparison of an urban and near-field rural site, and for 
comparative analysis of chemical composition of the aerosol phase. The Reed College 
site was chosen due to its proximity to the DEQ field station monitor at SE Lafayette in 
residential Portland. Ambient gas-phase concentration data was sourced from the DEQ 
Southeast Lafyette site. The Mt. Zion site was selected because it not only represents a 
near-field rural site, but it is also the site of Federal IMPROVE sampling and offered a 
unique site with past air quality history available.  All sites supported secure sampling 
with little interruption.  
Portland OR: 
Industrial and 
Traffic 
pollution 
Beacon Rock 
cRock,WA 
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There were three sampling sites at Reed College, Mt. Zion, and Beacon Rock 
State Park during the summer of 2011. The additional 2011 site, Beacon Rock, was 
chosen for its location further downwind of the Mt. Zion site. This site was located in the 
storage closet in the park restrooms near a large field. All sampling sites were equipped 
with electricity and offered limited access to other people allowing for significant 
control over filter exposures and little interferences with ambient measurements. 
Figure 1 Map of Sampling Sites 
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As seen in Table 3, each site has very specific unique characteristics in addition 
to the sampling parameters. The MT. Zion site located in the CRG is located up on a bluff 
in the middle of large fields. During the summertime these fields are filled with 
wildflowers. During both the summer of 2010 and 2011 saw several wildfires in the CRG. 
The Portland site at DEQSEL is located in the center of several major roads, including 
Highway 26, and I-205. The Canby site is located in the center of several active 
agricultural fields.  This information is reflected in Table 3. 
Table 3 Site Descriptions illustrating the area around the sampling site 
Sites Site Description
DEQSEL Residential Area, located between two homes
Reed College Residential area, located at Chemistry building near riparian area
Mt. Zion Rural Area, located in large empty field near to a gravel road and SR-14
DEQSPR Rural Area, located near large agricultural field
Beacon Rock Rural Area, located in park area near a large field at river level
 
Sample Collection Overview 
Ambient sampling parameters at the sites included wind speed, wind direction, 
temperature, and relative humidity. Measurements also included bscat, NO, NO2, and 
O3. At the Mt. Zion site, a Hi-Vol was set up along with ambient atmospheric 
measurements. A Hi-Vol was set up at the Reed College site.  
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Figure 2Tisch Hi-Vol Set-Up at the Mt. Zion Site. 
Ambient measurements for the city of Portland were taken from the Oregon 
Department of Environmental Quality Portland Air Quality Site at S.E. Lafayette. This site 
is the official National Air Toxics Assessment (NATA) site for monitoring and compliance 
in the city. In the summer of 2011, bscat, O3, wind speed, wind direction, temperature, 
and relative humidity were measured at the Beacon Rock site.  The first sampling period 
was from June 24, 2010 until October 3, 2010. During the 2010 15-week period, 10 filter 
samples were taken simultaneously at Reed and Mt. Zion.  Blank filters were either 
exposed in the field or in the lab for each sampling date.  The second sampling period 
was from July 19, 2011 until October 16, 2011. During this 10-week period, 9 filter 
samples were taken simultaneously at Reed and Mt. Zion.   
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Ambient Measurements 
Table 4 Specific site instrumentation for each equipment location 
Sites Hi-Vol Ambient Instumentation
DEQSEL No NOx Analyzer, Ozone, Nephelometer, Anemometer, Met. Station
Reed College Yes
Mt. Zion Yes NOx Analyzer, Ozone, Nephelometer, Anemometer, HOBO
DEQSPR No Ozone, Nephelometer, Met. Station
Beacon Rock No Ozone, Nephelometer, Anemometer, HOBO  
NO and NO2 were measured using a Thermo Environmental NO-NO2 –NOx 
Analyzer.  NO is measured quantitatively using a chemiluminescent reaction with O3. In 
a second channel, NO2 is converted to NO using a Molybdenum catalyst at high 
temperature giving a total NOx value from which NO2 can be determined subtractively . 
Ozone was collected at the sites using a Dasibi Environmental Corp Ozone Analyzer. The 
O3 is calculated by measuring the absorption of UV light in an ambient air sample.  Both 
NOx and Ozone boxes were calibrated before sampling periods at the Oregon 
Department of Environmental Quality Laboratory. The first calibration was done in May 
of 2010, and the second calibration was done in June of 2011.  Bscat was collected on a 
Radiance Research Integrating Nephelometer. This was measured by passing the 
ambient air sample through a reflective cavity. Light scatter caused by the particulate 
matter in the sample is measured and converted to a scattering coefficient. 
Nephelometers were calibrated with zero air at the lab before deployment both 
summers. Wind speed and wind direction were recorded from a Young SE Anemometer 
while relative humidity and temperature information was collected by a HOBO 
Temperature Logger. Two Tish Environmental Instrumentals Hi-Vols that were donated 
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by the Oregon DEQ, were used to collect the filter samples. The Hi-Vols were calibrated 
at the Oregon Department of Environmental Quality Laboratory in June 2010. Both 
samplers were calibrated for a 50L/min flow and ran at 50L/min in the field.  
Filter Extraction 
The extraction method used was derived from the extraction method used by 
the Polidori group (Polidori 2008) and also using the EPA TO_13A standard method for 
extraction semi-volatiles on a PUF material (EPA 1999). Several changes were made to 
the method, including changes in using a 25% Dichloromethane, 25% Hexane, and 50% 
Acetone extraction solvent, with boiling chips to promote even boiling and extraction, a 
set cook time of 18 hours, and glassware preparation step. 
Hi-Vol samples were collected on 8inch by 10 inch glass fiber filters (Pall 
Corporation, Type A/E Glass Fiber Filter P/N 61638). To begin filter collection, filters 
were placed on a scale and left to equilibrate at room temperature for at least 15 
minutes. The filter was then weighed to the nearest ten thousandths. After the filter had 
been weighed, it is stored at room temperature in an aluminum sleeve until use. Filters 
were then carefully loaded onto the Hi-Vol samplers using gloves and tweezes, with care 
being taken to not touch or rip the filter. A filter was weighed for each site along with a 
blank that was noted as either a field or lab blank. Filters noted as lab blanks were left in 
aluminum sleeves in the fridge. Filters that were noted as field blanks were placed in 
aluminum filters and left in the sample transport box at the site. All sample filters were 
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run on a timer for a period of 24 hours concurrently. Filters were then carefully 
transferred to a labeled aluminum sleeve and stored at 4°C until extraction. 
 
Figure 3 Soxhlet extraction set-up at Reed College.  
The filters were extracted by a Soxhlet extraction using the 25% 
Dichloromethane, 25% Hexanes, and 50% Acetone extraction solvent. In preparation for 
the extraction, glassware was first hand washed in hot soapy water and rinsed three 
times in both hot water then DI water. Glassware was then cooked in an oven at 150° C 
for at least one hour. After glassware was taken out and cooled it could then be set up. 
A 500 mL glass round bottom was placed in a heating mantle. 3-5 boiling chips were 
then placed in each round bottom. A glass Soxhlet condenser was placed in each round 
bottom. The filter was then roughly folded into a 4 inch square and using tweezers 
gently placed into the bottom of the Soxhlet. 225 mLs of the 25% Dichloromethane, 25% 
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Hexanes, and 50% Acetone extraction solvent was added to each sample through the 
top of the soxhlet. Samples were then capped with a glass condenser and allowed to 
reflux for a period of 24±2 hours. After allowing the samples to cool in the round 
bottom, extracts are concentrated rapidly in a rotary evaporator, with sides being rinsed 
down in acetone. Samples were then blown down to about 2 mL using a pure nitrogen 
stream. Samples were then filtered through a 0.2 µm Teflon filter to remove excess filter 
particulate. Samples were rinsed with acetone again to bring them up to a volume of 3 
mLs. Samples were blown down to a final measured volume of 1 mL. After extraction, 
samples are stored in a refrigerator at 4°C to prevent degradation of the semi-volatile 
species.  
Filter Analysis using FTIR 
Samples were analyzed on a Thermo IR 300 IR Spectrometer with a Diamond ATR 
Crystal and a deutratedtriglycine sulfate (DTS) detector. This allowed for identification of 
three separate nitrate peaks related to the organonitrate. Samples ran during the 
summer of 2010 were analyzed with a purge flow of pure nitrogen at 30 L/min. Samples 
ran during the summer of 2011, were analyzed with a purge flow of dry air at 30L/min. A 
background at pure nitrogen and pure dry air were overlaid to check for contamination 
problems and showed no difference. Each day of FTIR analysis, a new background was 
taken. The FTIR was prepped for each sample by cleaning the crystal with acetone, 
sonicating the sample holder with acetone for three minutes, and then blowing the FTIR 
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bench dry with air for 30 minutes. Afterwards, 50µL (precise volume determined by a 
calibrated 10-100 µL pipette) of sample was placed on the crystal and allowed to dry for 
30 minutes prior to spectrum collection.  
FTIR Data Analysis 
FTIR Spectra from each sample was analyzed using EZ Omnic the FTIR software 
for data analysis (Thermo Scientific).  Daily blanks were subtracted from the sample 
signal, then the spectrum was baseline corrected. Spectral peaks were located and the 
area under the peak was integrated by hand. The peaks of interest were the broad 
hydroxyl peak at 3350 cm-1, the alkane peaks around 2920 cm-1, and three organo-
nitrate peaks at 860 cm-1, 1280 cm-1, and 1630 cm-1. The integration bounds for selected 
peaks were determined individually for each spectrum, as they depend on intensity of 
neighboring peaks. 
 
Figure 4 An example of spectra peak integration by hand. 
 31 
 
Statistical Analysis of the Ambient Measurements 
To aggregate ambient gas-phase data into a smaller working pool, the ambient 
data was first binned to five minute averages for each individual parameter. To remove 
instrument outliers, data points that were roughly 2 times higher than the 1-hour 
maximums as posted by DEQ were removed. So for example, at DEQ SEL, the 1-hour 
maximum for Ozone was 105 ppb on 8/19/2010. So Ozone points that were above 200 
ppb were removed from the averages. Outliers were only removed on Ozone, NO, and 
NO2 data.  Data acquired during times of instrument maintenance was removed. There 
were two incidences of major data loss due accidental disconnection of the analogue to 
digital converter to the computer, by outside parties.  
To find the average wind speed and wind direction for a day, the north-south 
and east-west components of the wind speed vector needed to be separated. The 
following equations were used were Nv is the northerly vector, Ev is the easterly vector, 
S is wind speed, and θ is the angle of wind direction from the north.  
 
 
All of the Nv and Ev are then averaged for the day. Average direction, is then the vector 
with direction included.  
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Average velocity is found using the Pythagorean Theorem and the average northerly and 
easterly vectors. 
 
 
Classification by wind direction 
 
 
To organize the ambient data, days were broken up into classifications based on 
counts of wind direction weighted by wind velocity. There were 12 classifications, 
accounting for 30°of the wind rose. For each day, each individual average was classified 
based on its direction the sum of all the velocities classified in each direction was taken, 
the direction with the highest sum of velocities was assigned as that days classification.  
This allowed for a greater degree of analysis and the ability to see specific impacts on 
each direction. 
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Figure 5 Wind direction breakdown by the 12 wind classifications. 
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Results 
The major findings of this work show several important associations between the 
ambient data and the FTIR analysis when looking at the production of organic nitrates. A 
relationship was found between wind direction and concentrations of ozone and b-scat 
at the Portland and Mt. Zion sites. The results also show the correlation between 
organic nitrate aerosols and the nitrate radical formation.  This data illustrates the 
connection between the ambient variables and the integrated organic nitrate area, 
which gives us information on the production of organic nitrates and the nitrate radical. 
Both ambient data and filter quantification were used for analysis. 
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Wind Direction Classification Patterns 
 
 
Figure 6 Wind direction classifications in Portland Oregon during the summers of 2010 
and 2011. 
Figure 6 shows the wind direction classifications at the Portland Oregon sampling 
site. The summer of 2010 shows that the wind came from the NNW for most of the 
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sampling period. During the month of July 2010, 86.67% of the wind came from the 
NNW alone. The summer of 2011 also shows a pattern of winds coming primarily from 
the NNW.  There are several missing days during the summer of 2011, this information 
is noted in Table 1 and Table 5.  
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Figure 7 Wind direction classifications in Portland Oregon during the summers of 2010 
and 2011 
The Canby wind data shows that during the summer of 2010, most of the wind 
was coming from the NNW. This would be pushing pollution from the Portland area 
towards the sampling site to the south-east.  The summer of 2011, shows very similar 
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wind patterns to the summer of 2011. There is a high incidence of wind coming from the 
NNW. There are several missing periods of data during this period as noted in Table 5.  
 
Figure 8 Wind direction classifications in Mt. Zion Washington during the summer of 
2010 and 2011. 
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 The Mt. Zion wind data shows that during the summer of 2010, most of the wind 
was coming from the west and some from the WSW. This would have a strong influence 
on pollution levels from nearby forest fires and from Portland Oregon.  The summer of 
2011, a greater mix of wind patterns from the summer of 2010. There is  wind coming 
from the west, but also some from the north, specifically the north-north-west, and 
west-north-west. There are several missing periods of data during this period.  This is 
noted in Table 5. 
Table 5 The number of days in each month in which ambient B-Scat data was available 
  Month Portland Mt. Zion Canby 
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Figure 9 The wind direction at Mt. Zion is predominantly west when the wind direction 
is NNW in Portland. 
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Wind Direction and B-scat 
 
Figure 10: Average levels of B-scat by wind direction at Mt. Zion Washington over both 
sampling summers. Error bars indicate standard error. 
Figure 10 above shows the average B-scat by type of wind day. This shows that 
on days when the wind comes from the west the B-scat is the highest. On days when the 
wind comes from the east and east-south-east, the b-scat is the lowest.   
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Figure 11 Average Daily B-scat by wind classification at the Portland Oregon site. Error 
bars indicate standard error. 
The average daily B-scat at the Portland Oregon site shows some higher b-scat 
when the wind direction is from the east and east-north-east. This is reflected in Figure 
11. The b-scat will be highly influenced though by local topography and location.  The 
site is located near three major transport arteries, so the b-scat may not be closely 
related to wind direction. The overall b-scat at this site is lower than at the Mt. Zion site.  
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Figure 12 Average daily b-scat by wind classifications at the Canby site. Error bars 
indicate standard error. 
 The average daily b-scat at the Canby site is show in Figure 12. This shows quite a 
bit of variability in the amount and direction of b-scat.  This may be highly influenced by 
its location in the center of an agricultural area. There is some higher b-scat when the 
wind comes from an easterly direction. 
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Wind Direction and Ozone  
 
Figure 13 Average daily ozone concentrations by wind classifications at the Mt. Zion 
site. Error bars indicate standard error. 
Mean ozone on days in summer sample days in 2010 and 2011 were classified in each of 
the 12 directions. Direction classifications were omitted if there were no days classified. 
Error bars are standard error. As can be seen in Error! Reference source not found., 
overall wind patterns varied greatly and the highest observed O3 concentrations are 
found in easterly wind flows. 
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Table 6 Numerical Distribution of Ozone by wind direction at the Mt. Zion site 
Class Mean Ozone St. Dev Sample Days
N 35.6712 7.7361 6
NNE 32.2608 13.3128 5
ENE 31.1234 11.1763 32
E 42.5820 9.2191 14
ESE 29.3082 9.0730 6
SSE 27.4534 1
WSW 24.2600 4.2787 10
W 24.6307 9.0018 76
WNW 34.8676 9.7327 38
NNW 31.9126 16.1247 6  
 
Figure 14 Average daily Ozone at the Portland Oregon site by wind classifications. 
Error bars indicate standard error. 
 Daily average ozone concentrations vary from around 12 to 22 ppb at the 
Portland Oregon sampling site. This is shown in Figure 13. 
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Figure 15 Ozone Concentrations by Wind Direction at Canby Oregon. Error bars 
indicate standard error. 
 In Figure 15, the ozone concentrations at Canby Oregon seem to be at a 
consistent concentration no matter where the wind direction is coming from. The wind 
from the south-south-east direction may be lower than the rest, however very few days 
were seen with that overall wind direction.  
 
Correlations with ambient gas-phase species 
 The concentrations of average daily ozone at Mt. Zion and the Portland site were 
averaged  by 24 hour periods and then grouped by wind direction. The correlation was greater 
on days when the wind blew from the west into the gorge than on days when the wind came 
from the east. 
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Figure 16 The correlation between Ozone concentrations in Portland and Mt. Zion and 
wind direction in the Gorge 
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Relationships between Filter Organic Nitrates and  Ambient Data 
The data from the filters was aggregated by filter day. Filter days were 
considered to span from 7am when the filter was started to 7 am the next day. There 
was one date where the organic nitrate concentration was significantly higher than 
other dates: on September 12, 2011, the organic nitrates integrated peak area was 
5.656 at the Reed Site compared to typical values of less than 3.0. The average 
temperature the prior day was 93°F, the day of sampling, 76°F, and the next day was 
70°F. The wind roses show that the wind was coming from the north-north-west at Mt. 
Zion and was split between the north-north-west and the south at Portland. There were 
large fires outside of Goldendale Washington and Hood River Oregon that may have 
contributed to the abundance of organic nitrates along with the high temperatures. 
 
Figure 17 Wind Roses on September 12th, 2011. The blue wind rose represents wind 
at Mt. Zion, the Red at Portland 
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Figure 18 Spectra showing the September 12th filter. The Reed filter is shown in red, 
the Mt. Zion filter is shown in blue. 
 
 
Figure 19 Relationship between observed organic nitrate and filter mass. 
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The relationship between organic nitrate peak area and filter collected mass is 
not very strong (see Figure 19). There is however a more significant relationship 
between the filters collected at Mt. Zion and mass than those from Reed College. The 
filters ran at Reed college tend to have much less weight than the filters ran at Mt. Zion. 
The filters collected at Mt. Zion also looked darker and had more of a dusty appearance 
than the filters ran at Reed, suggesting additional contribution from inorganic dust 
aerosol that would not be extracted by organic workup. 
 
Figure 20 Correlation between both observed organic nitrate and temperature. 
The relationships between measured organic nitrates and the temperature at 
both sites are very similar. This shows that temperature has a consistent effect on the 
production of nitrate at either site. 
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Figure 21 Relationship between absolute humidity and observed organic nitrates in 
the field. 
The relationships between absolute humidity and organic nitrates on the filers 
also showed little difference between sites. Absolute Humidity was calculated using 
Relative Humidity and Temperature. This was done to remove any chemical reaction 
connection due to temperature and look only at the relationship between water and the 
formation of the organic nitrates.  
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Figure 22 Relationship between the day of sampling ozone and the observed organic 
nitrate in the field. 
The average ozone during the day appears more strongly correlated (R2=0.189) 
with the amount of organic nitrate production in Portland than at Mt. Zion (R2=0.007). 
This suggests that while the ozone formed during the day at Reed is available to form 
the Nitrate radicals at night which then leads to formation of the organic nitrates 
aerosols that we can sample on our filters, the amount of ozone seen at Mt. Zion has 
little influence on the production of nitrate radicals.  
 
0 
1 
2 
3 
4 
5 
6 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 
In
te
gr
at
e
d
 O
rg
an
ic
 N
it
ra
te
 P
e
ak
 A
re
a
 
Avg. Day of Ozone (7 am-7pm) 
Mt. Zion 
Reed 
 52 
 
 
Figure 23 The relationship between day of NO2 and organic nitrates in the field has 
very little significance. 
The relationship between the formation of the organic nitrate aerosol and day of 
NO2 is not significant (R
2=0.000) at Mt. Zion. There may be some relationship (R2=0.047) 
at Reed, but it is very small. This suggests that the concentration of NO2 during the day 
has little effect on the formation of the nitrate radicals at night.  
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Figure 24 Ratios of observed organic nitrate concentration of NO3 at Reed and Mt.Zion 
on westerly and non westerly days.  
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
Westerly Non westerly 
A
ve
ra
ge
d
 In
te
gr
at
e
d
 O
rg
an
ic
 N
it
ra
te
 P
e
ak
 A
re
as
 
P<0.05 
Mean of: Reed NO3 / Mt. Zion NO3  
 54 
 
 
Figure 25 This chart is showing the correlation between observed organic nitrate levels 
and general wind direction. 
 
Figure 24 shows the relationship between the wind direction and the formation 
of the organic nitrates using the Pearson’s correlation. The ratio tells us that on days 
where the wind comes from a westerly direction the ratio of organic nitrate formation is 
much closer to one than on the days where the wind comes from another direction.  
This is demonstrating a close relationship on days with westerly wind in the gorge. On 
non-westerly days the concentration at Reed is three times higher than at the CRG site. 
Another way of looking at the relationship between nitrate production and wind 
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direction, Figure 25 is showing that on days when the wind is coming from the west at 
Mt. Zion, the nitrate levels at Reed and Mt. Zion are more closely related.  
Production of the Organic Nitrate Radical 
 
 
Figure 26 Relationship between observed aerosol organic nitrate and production of 
the nitrate radical, calculated from observed ambient NO2 and O3 concentrations (see 
text). 
The predicted nitrate production was calculated from the concentrations of 
ozone and nitrogen dioxide during nighttime hours. Nighttime was defined as 7pm 
through 7 am. In Figure 26, the days with observed organic nitrates were correlated 
with the average nighttime production of the nitrate radical NO3. This figure includes all 
filter dates. In Figure 27, the observed organic nitrates were correlated with NO3, but 
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the days when temperature was over 30°C were removed. The correlations in Portland 
were much stronger when the high temperature was removed. 
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Figure 27: Levels of organic nitrate are much more strongly correlated with NO3 
production in Portland. Diamonds indicate very hot days (mean temperature > 30°C)  
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Discussion 
Wind Direction Patterns and Pollutants 
This study looked at the affect that wind direction would have on the pollutants 
coming out of the Portland metropolitan region. Wind direction during the summers of 
2010 and 2011 varied by each sampling site. The observations mirror wind patterns seen 
in previous studies done in the CRG (Green, 2009). At the Portland site, the predominant 
wind direction for both 2010 and 2011 was from the north-north-west direction. This 
means that the wind was blowing across highway 26 from the north towards the 
Portland site. At the Canby Oregon site, the wind was much more mixed. Wind often 
came from the north-north-east and the north. This would be moving pollution from 
Portland Oregon toward the Canby site. At the Mt. Zion site, the wind comes strongly 
from the west. In Figure 9, the wind at Mt. Zion has a predominantly westerly direction 
when wind is coming from the north-north-west in Portland. This shows a correlation 
between the two sites and specific wind directions. More specifically these data suggest 
an overall pattern of wind that would drive pollutants from the Portland Metro Area 
into the Columbia River Gorge during the summer months supporting previous findings 
from Green et al. (2008)  
Wind direction has a strong influence on concentrations of b-scat in the 
Columbia River Gorge but the influence is less significant in Portland. The b-scat levels at 
Mt. Zion were much higher on days when the wind was classified as westerly (Figure 
10). This would indicate transport of particulate matter pollution down the CRG. This is 
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different than when wind comes from the east during the summer time. The b-scat is 
much lower overall. These conditions would match a flow tube effect of the particulate 
being pushed up gorge. In Portland, Figure 11 shows the b-scat overall has only a small 
amount of deviation. This is most likely due to the location of the sampling site between 
several large transportation arteries, including Powell Boulevard and I-205. These data 
would indicate, as expected, that pollutants found at Mt. Zion were primarily 
transported there while pollutants in Portland originated locally. Further, wind direction 
had an influence on particulate concentrations at the Canby site again indicating 
transported pollutants. Higher levels of b-scat were observed at this site, during days 
when the winds were from the easterly or westerly directions.  
The levels of O3 in the CRG tell a much more complex story. O3 levels at Mt. Zion 
are highest when the wind is from the east and significantly lower when the wind is 
from the west. However, as shown in Figure 16, O3 levels in Portland and at Mt. Zion are 
much more strongly correlated when the wind is from the west.  Together these data 
suggest that the pollutants from the eastern sources may produce higher 
concentrations of O3 at the Mt. Zion site which are decoupled from Portland pollution 
sources. This is a promising finding and may indicate that the CRG exhibits flow tube 
behavior in the easterly direction. Higher levels of O3 at Mt. Zion would be consistent 
with that behavior, as O3is a secondary pollutant and may be more prevalent in the 
older plume that would be reaching Mt. Zion from the Boardman coal plant in the east. 
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However, with the currently available data it cannot be determined if these high O3 
concentrations on easterly days are the result of plume age or a qualitative difference in 
the pollution sources.  Canby, Oregon has higher O3 concentrations than Portland, which 
would be consistent with secondary pollutant formation in an aging plume. 
Concentrations of O3 are similar when the wind blows from the north, east, and west. 
This could be due to urban pollution from Portland. There are lower concentrations of 
O3 when the wind blows up from the south and the south-south-east suggesting that 
pollutants in this area are from the Portland metro area.  
Patterns of wind direction as well as levels of pollutants support potential flow 
tube behavior in the CRG. However, pollutant data from the Canby site exhibit some 
similarity with data from the Mt. Zion site suggesting that further research is required to 
demonstrate that the flow tube effect goes beyond simple downwind transport of 
pollutants. However higher levels of ozone at Mt. Zion on easterly days may be 
indicative of the flow tube behavior of the CRG limiting dilution effects as the plume 
ages.  
Organic Nitrates  
Little correlation was found between measured aerosol organic nitrate 
concentrations and individual oxidants involved in its production: O3 and NO2. The 
correlation between the measured organic nitrates and filter mass, was significantly 
greater at Mt. Zion than the correlation in Portland, and may have been greater on the 
 61 
 
coolest days of summer. However, this occurred on an insufficient number of days to 
make the correlation meaningful.  Also, the Mt. Zion filters themselves had a dusty 
appearance which suggests the accumulation of dust and particulate may have been 
from agricultural productions and inorganic in nature. 
 The correlation between organic nitrates and temperature was strong and very 
similar at both sites. In Portland the R2 was equal to 0.143, while at Mt. Zion the R2 was 
equal to 0.159. This suggests that temperature does have an impact on the formation of 
organic nitrates with a similar mechanism at both sites. The correlation between organic 
nitrates and absolute humidity was also similar to the correlations found with 
temperature.  
There was very little correlation between daily average day of ozone and organic 
nitrates peak area at Mt. Zion. There was a greater correlation however at the Portland 
site where R2 was equal to 0.189. This is related to the fact that while the organic nitrate 
concentrations were close in amount, the concentrations of average ozone and NO2 
were different at the two sites. There was little correlation between average day of NO2 
and organic nitrates found on the sampled filters. The concentration of NO2 was very 
small at Mt. Zion. These two pollutants are one pathway to create the nitrate radical, 
which is used to make organic nitrates.  
Correlations between aerosol organic nitrate concentrations in Portland and Mt. 
Zion were much stronger during periods of westerly wind (Figure 24 and Figure 25). 
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Further, during periods of westerly wind, the concentration of organic nitrate levels are 
very similar at both sites. This suggests that some part of the organic nitrate production 
cycle is being influenced by the flow tube effect in the CRG. Because the NO2 is so low at 
Mt. Zion and significantly higher in Portland while the organic nitrate levels are similar 
at both sites it seems likely that these secondary pollutants are being produced while 
the plume is being pushed out into the CRG.  
Organic Nitrates and the Production of the Nitrate Radical 
This study assumed that the production of the NO3 radical is a rate limiting step 
for organic nitrate formation. A correlation was observed between organic nitrate aersol 
and the calculated production rate of organic nitrate radicals. This is consistent with a 
NO3 initiated source of organic nitrates; neither O3 nor NO2 individually predict organic 
nitrate production, but their multiplicative product is more strongly correlated with 
observed aerosol organic nitrate.  In Figure 26, the correlation between production of 
NO3 in Portland and actual formation of organic nitrates was R
2= 0.155. The Reed 
production point at 5.656 is considered an outlier. Its production is significantly above 
that of any other point. The wind patterns on that date, September 12th, 2011 have a 
north-west direction at Mt. Zion. In Portland it has a split between north-north-west and 
south. The previous day has significant high temperatures, but the day of sampling was 
an average 76°F.  There were several large fires in Oregon and Washington that week 
that were impacted by the high temperatures, which could have led to a large increase 
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in the organic nitrate production. The filter for September 12th at Reed also shows a 
large amount of alkane functional groups that could have been created from the 
products of the near-by wildfires.  
When temperature is incorporated with the analysis of aerosol organic nitrate 
and NO3 radical correlations, two interesting slopes emerge. After temperatures over 
30°C were removed, the correlation between organic-nitrates and NO3 production 
increased to R2= 0.276 at Portland. The correlation at Mt. Zion remained low. High 
temperatures may lead to increased NO3 but not necessarily organic nitrates. The effect 
of temperature on organic nitrate production may be small, but it is similar at both sites. 
Temperature can have a large effect on isoprene production, which increases with 
temperatures to 35° C (Singaas 2000). At temperatures above 35-40°C, isoprene 
production can be reduced. Similar trends are expected with other biogenic VOC’s. Since 
there is significant scatter in the correlation of the aerosol organic nitrate with NO3, this 
suggests a role of varying BVOC as a reactant controlling the production of organic 
nitrates. This would be consistent with the temperature dependences observed, since 
higher emission rates are expected at higher temperatures, thus resulting in higher 
surface concentrations of BVOC. 
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Conclusion 
 Pollution from human activities can be a significant part of humanity’s 
interactions with the environment. Air pollution from transportation has a great impact 
on recreational use, economical, and human health. Transportation plays a large and 
ever increasing role in our society. Understanding the impacts of the pollution that 
arises from transportation is vital. Understanding the impact of pollution from the 
metropolitan region of Portland Oregon and its effect on the Columbia River Gorge 
could lead to better pollution controls and mitigation efforts.  
 This study did a chemical analysis along with a statistical analysis of air quality 
conditions in both Portland Oregon and the Columbia River Gorge. The chemical analysis 
was the extraction and analysis by FTIR for organic nitrates. This information was 
aggregated along with the ambient air quality measurements to look for correlations 
between production of the nitrate radical and the formation of organic nitrates.  
The data shows that wind direction had an influence on the concentrations of 
ozone and b-scat seen at Mt. Zion and Portland Oregon. When organic aerosols were 
measured at Mt. Zion and Portland, correlations between absolute humidity, 
temperature and mass were significant. Little correlation was found between the aersol 
organic nitrates with ozone and NO2. However, greater correlation was observed 
between the aerosol organic nitrates and calculated production of the NO3 radical from 
NO2 and O3. The temperature dependence of aerosol organic nitrate concentrations 
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could suggest a role for BVOCs in controlling organic nitrate production in addition to 
NO3 radical production. 
This information can be used as a foundation for future work in the Columbia 
River Gorge. The data also supports a flow tube effect which may play into future 
mitigation techniques. This information is vital for how pollution is treated and reduced 
and its effect on human and ecological health.   
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